The sequential arrangement of histones along DNA in nucleosome core particles was determined between 0.5 and 600 mil salt and from 0 to 8 M urea. These concentrations of salt and urea up to 6 M had no significant effect on the linear order of histones along DNA but 8 M urea caused the rearrangement of histones. Conformational changes in cores have been identified within these ranges of conditions by several laboratories 8-21 # Also, abrupt structural changes in the cores, apparently their unfolding, were found by gel electrophoresis to occur at urea concentration, between 4 and 5 M. 600 mM salt and 6 M urea were shown to relax the binding of histones to DNA in cores but do not however release histones or some part of their molecules from DNA. It appears therefore that nucleosomal cores can undergo some conformational transitions and unfolding whereas their primary organization remains essentially unaffected.
INTRODUCTION
The nucleosomal organization of chromatin is well established. Nucleosomes have been identified in silent as well as in transcribed and replicated chromatin regions. DNA in nucleosomes is tightly packed and should apparently undergo some dynamic structural transitions, at least, at the sites of templating reactions. The last few years have brought a good deal of information on the nucleosome structure (for reviews see 1 2 ref". ' ) which enable one to answer the question using some model systems, what might happen with nucleosomes during chromatin functioning.
The nucleosomes are made up of an octameric complex of histories containing pairs of each of the core histones H2A, H2B, H3, and H4 which, together with histone H1, are complexed with DNA of variable length. The basic structural element of all nucleosomes seems to be a core particle containing the histone octamer and about 145 base pars of DNA. X-ray, neutron diffraction and electron microscopy studies of cores, in crystals, in solution ^'^, and of the ordered tubes of the histone octamer have revealed their structure to be a disc with dimensions of 110 x 110 x 57 A; about 1.75 left-handed superhelical turns of DNA are wound on the surface whereas histones are arranged inside the core. The primary organization of cores determined by histone-DNA crosslinking shows that a histone tetramer (H3 2 > H4p) occupies the central part of core DNA with H3 being bound at the same time to DNA ends while two dimers (H2A, H2B) flank the tetramer (H3 2> H4 2 ) on DNA from the both sides 7 .
Conformational changes in nucleosomes can be brought about
?
by many agents (for review see refs ' ) but those induced by urea and different ionic strength are particularly well studie d 8 -2 1 .
Here we report the effect of urea and ionic strength on the primary organization of the core particle-The sequential arrangement of histones alone core DNA has been determined by crosslinking histones through their lysine residues to DNA partly depurinated at neutral pH. The crosslinking causes the specific splitting of one DNA strand by the crosslinked DNA residue and attachement of only the 5'-terminal DNA fragment formed to histones . The lenght of the 5'-terminal singlestranded DNA fragments crosslinked to each histone fraction was measured in order, to identify the position of each histone molecule on nucleosomal T)NA from its 5'-termini .
,Ve have not revealed here any significant differences in the arrangement of histones along core DNA in the range of urea concentration from 0 to 6 I.! and ionic strength from 0.5 to 600 mM salt. 8 M urea causes however the rearrangement of histones on DNA. On the other hand, eel electrophoresis of cores in an urea gradient confirms other reports ~ and demonstrates that drastic conformational changes occur between 4.0 and 5.0 M urea. It appears therefore that some conformational changes in cores, including their unfolding, do not induce significant rearrangement of histones on DNA.
METHODS
Preparation of core particles. The cores were prepared from •7 Drosophila embryos as described elsewhere . The nuclei from 23 dechorinated embryos were purified by centrifugation through 2.2 M sucrose and lysed in bidistilled water. Histone H1 was removed from the chromatin suspended in 0.5 M NaCl by absorbtion of H1 on Dowex AG-5OW-X2
. The H1-depleted chromatin was digested with micrococcal nuclease and the cores were isolated by sucrose gradient centrifugation.
Sequencing histones along DNA in cores. Histone-DNA crosslinking in the presence of urea or at different ionic strength was carried out essentially as described with a few modifications. DNA in the cores (1 mg/ml) was methylated with 5 niM dimethyl sulfate in 0.1 mM BDTA, 0.1 ni EGTA, 50 mM sodium cacodylate, pH 7.0, 1 mM PMSF for 18 h at 4°C The methylated cores were dialysed against three changes of 2.5 mM EDTA, 2.5 mM EGTA, 20 mM sodium phosphate, pH 6.8 containing urea or NaCl as indicated and partial depurination of the methylated purine bases from core DNA was carried out by incubation at 37°C for 12 h followed by dialysis against the same solution at 4°C. Then, freshly prepared 25 mM NaBH. was added to a final concentration of 2.5 mM and the reduction was parformed at 4°C for 30 min. In order to crosslink the cores in low salt, the methylation was carried out under standard conditions, then the cores were dialysed for 15 h against three changes of 0.05 mM EDTA, 0.05 EGTA, pH 7.0, and depurinated and reduced in the same solution.
The histone-DNA crosslinked complex was separated from the main portion of free histones by precipitating the DNA as a cetyltrimethylammonium salt. Histones were labeled with -*I using the iodine monochloride method , DNA was denatured, and the crosslinked material was electrophoresed in the first direction in 15% polyacrylamide slab gel (16 x 16 x 0.15 cm) in the presence of SDS and urea. Then DNA was hydrolysed directly in the gel v/ith 66% formic acid-2% diphenylamine at 70°C for 20 min, and histones released from the crosslinked DNA were electrophoresed in the second direction in 15% SDS-polyacrylamide slab gel (36 x 16 x 0.3 cm) as described .
Urea-gradient electrophoreais of cores. Electrophoresis of the cores was carried out according to in 7% polyacrylamide slab (16.5 x 16.5 x 0.15 cm) or tube (10 x 0.5 cm) gel (acrylamide/methylenebisacrylamide, 40:1) v/ith 1 mM EDTA, 10 mM Tris-Cl, pH 8.2, as a buffer system. The gel was polymerized with 0.04% sodium persulfate, and 0.05% TEMED. The gradient of 27 urea was made as described . 50-100 jig of the cores in 500jul
of the buffer containing 10 (w/v) Picoll and 0.01% bromphenol blue were layered on top of the gel and the electrophoresis was carried out at 70 V for the slab gel and 50 V for the tube gel until the marker dye entered the gel, and then at 140 and 100 V, respectively for 6 h (2 h after the dye left the gel). After completion of the electrophoresis, the gels were stained for proteins for 1 h in 0.1% Coomassie brilliant blue R-250 in 7% acetic acid, 10% isopropanol and destained in 5% a'cetic acid, 5% isopropanol. Alternatively, the gels were stained for DNA with ethidium bromide (1 jug/ml) in water for 10 min.
RESULTS
Sequencing histones along DNA by histone-DNA crosslinking. The sequencing procedure has been described in full length else- •7 where ' and is just briefly outlined here. Core DNA was evenly methylated with dimethyl sulfate. As a preparation step prior to the crosslinking, the methylationwas therefore carried out always under the same conditions. Then, the methylated cores were extensively dialysed against solutions containing urea and appropriate salt concentration for the following crosslinking.
The methylated purine bases in DNA are unstable and were partly excised by incubation at neutral pH and 37°C. Aldehyde groups at the depurinated sites of DNA promptly reacted with the £-amino groups of lysine residues in histones and formed the Schiff bases. The histone-DNA covalent bond was stabilized by the reduction of the Schiff bases with HaBH.. The Schiff bases effectively catalysed the fast splitting of one DNA strand at the point of crosslinking in such a v/ay that only the 5'-termi-nal DNA fragment formed was attached to histories. The size of crosslinked single-stranded DNA fragments precisely indicated the position of the histone binding site on core DNA from its 5'-end; it was determined for each histone fraction by two-dimensional gel electrophoresis. The crosslinked material con-1 2S taining denatured DNA and I labeled histones was electrophoresed in the first direction in polyacrylamide slab gel according mainly to the size of crosslinked DNA fragments. Then DNA was hydrolysed directly in the gel and histones released from DNA were fractionated by gel electrophoresis in the second direction.
The position of radioactive spots on the autoradiogram of this two-dimensional gel adequately described the sequential arrangement of histones along core DNA. The autoradiograms of such a two-dimensional gel of cores corsslinked under standard conditions are shown in Pigs 1 and 2 together with their schemes which identify histone spots and the position of the corresponding histone binding sites on core DNA as a distance, in nucleotides, from the 5'-DNA termini. These positions were determined precisely bymeasuring the size of crosslinked DNA fragments in an other system of two-dimensional gel electrophoresis .
It is noteworthy that the position of spots in the two-dimensional gels is well reproduceable but their relative inten- T n e figures in brackets indicate the position of histone binding sites as a distance in nucleotides from the 5'-DNA termini. The spots of H3(95-75), H3(68-58), and H2A(75) are rather weak and therefore obscure in some autoradiograms with a short exposure time but can be seen after a longer exposition. Histones H2A and H2B are not well resolved in the gel of the second direction and the weak H2A(135-125) spot is sometimes completely masked therefore by the strong H2B(115-95) spot. Although experiments described below have been carried out with cores isolated from Drosophila embryos for a better sepa- . In 8 U urea, a rather strong background can be observed along the whole length of core DNA although the main spots for H4 and not well separated from each other H3 and H2B are still recognizeable. It appears from these results that the binding of histones to DNA is unaffected by 3 M urea while 5 M urea causes some relaxation in hiatone binding exhibited as the diffusion of gel spots. The relaxation increases in 6 I.I urea and nonspecific rearrangement of histones on DNA just appears in the form of a noticeable background in this urea. A rather strong background for histones in 8 H urea indicates that histones become crosslinked to any place of core DNA and thus are redistributed on it.
It has been suggested on the basis of histone-DNA crosslinking data that histones are bound in cores within narrow DNA seg-ments about 6 nucleotides long on one DNA strand, but can also jump over the major groove of the DNA double helix and bind to "7 the nearest site on the complementary DNA strand . Due to this oscillation, the main histone binding sites corresponding, in the sequencing gel, to the intensive spots of H3(95-75), H2B(105-95) and H4(65-45) seem to give rise to the secondary binding sites for the weaker spots, H3(68-58), H2B(48-38), and H4(98-78). The relative intensity of the spots for the secondary binding sites rises in comparison with the main spots with an increase in urea concentration (Fig. 1 ) which suggests the loosening of the histone-DNA contacts. The diffused form of spots in the gel for cores crosslinked in urea can also result from the additional oscillation of histones across the minor DNA groove and along the DNA strands which would broaden the spots by about 10 nucleotides in the 3'-direction and by a few nucleotides in both directions, respectively.
Despite the increased oscillation no significant rearrangement of histones on DNA appears to be induced even by 6 M urea as evidenced by the preservation of the main features in the gel pattern of native particles in cores crosslinked in this urea. This is fairly clear for histones H3 and H4 that remain uncrosslinked in the range of 0-6 M urea to sites 40-0 and 140-105, 40-0 nucleotides from the 5'-termini of core DNA, respectively. This is less clear for H2A and H2B because of their poor separation from each other although the pattern of their main spots H2A-H2B(135-95) and H2B(48-25) is not changed by these urea concentrations.
Conformational changes in cores induced by urea. Recently Creighton has applied gel electrophoresis in a continuous gradient of urea concentration to study protein unfolding. V/e made use of this efficient procedure for core particles electrophoresed in polyacrylamide gel according to . Pig. 2A shows that the electrophoretic mobility of cores drops sharply between approximatly 4.0 and 5.0 LI urea in its continuous gradient of concentration as the result of conformational changes in the particles. The 4.0-5.0 LI range of urea affecting the core structure was determined more precisely by gel electrophoresis performed in a step gradient of urea concentrations (Pig. 2B). Some continuous decrease in the electrophoretic mobility of cores caused by urea prior to abrupt conformational changes could be due to many reasons which we did not study: core swelling bet-r ween 0 and 8 M urea examined by Olins et al. using hydrodynamic methods; an increase in the viscosity of the solution or in the sieving effect of the gel following a rise in urea concentration, etc.
Whereas native cores run as a fairly sharp band, those unfolded by high urea represent quite a heterogeneous population of particles of apparently different structures with a decreased electrophoretic mobility. There is a strong evidence that the mobility retardation and the particle heterogeneity in high urea are not caused by dissociation of histones from DNA. Thus, the removal of histones should increase rather than decrease the core electrophoretic mobility; no naked DNA was found in the urea gel stained for DNA with ethidium bromide (Pig. 2B); the pattern of the core unfolding in the urea gradient gel is not affected with salt from 5 to 50 mM and variations in temperature between about 20 and 40°C (not shown). This is also consistent with the finding that 8 M urea does not dissociate o histones from DNA in cores . 27 According to Creighton , the discontinuity of the core band observed upon electrophoresis within the transition region of urea concentration 4.0-5.0 M, suggests that the core unfolding induced by urea is a comparatively slow process.
The effect of ionic strength on the primary organization of cores. Pig. 3 shows the sequencing gel of cores crosslinked in solutions of different ionic strength. The crosslinking pattern is essentially the same in solutions of 50 and 150 mM salt. In 600 mM salt the spots for all histones are more diffused and the overall gel pattern becomes similar to that in 5 M urea. iVe conclude therefore that 600 mM salt does not cause the rearrangement of histone on DNA but, similarly to 6 M urea, loosens their interaction and probably increases the oscilation of histones across the DNA grooves and along the DNA chain.
The crosslinking in low 0.5 mM salt changes the relative intensity of spots in the sequencing gel. Thus, the spots for H2B grow darker while those for H3 and H4 become weaker; as a
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Pig. 3. Autoradiograms of the sequencing gels for cores crosslinked at different ionic strength. The designations are the same as in Pig. 1. The crosslinking was carried out in 0.05 mM EDTA -0.05 mM EGTA, which is equivalent to about 0.5 mM salt or in solutiona of 20 mM sodium phosphate, pH 6.8, 2.5 mM EDTA, 2.5 mM EGTA containing 0, 100, and 550 mM NaCl and corresponding to about 50, 150, and 600 ml.I salt, respectively.
result, the crosslinking of H3 to the central DKA region becomes hardly visible. A rather low background appearing in low salt for H4 in the gel indicates that H4-DNA interactions are weakened and 114 can be bound to other segments of core D1IA. It seems therefore that the sequential arrangement of histones on the DNA in cores remains essentially unchanged in low salt but some histone rearrangement, at least for H4, could be just initiated.
DISCUSSION
The destructive effect of urea on chromatin structure is Q well known. Olins ejt al. have studied in detail hydrodynamic properties, CD-spectra, temperature melting, and reactivity of H3 thiol groups in core particles as a function of urea concentration. They came to the conclusion that the effect of urea on the conformation of the nucleosomal DNA is non-cooperative while the histone octamer structure in cores is cooperatively disrupted between 4 and 7 M urea. Stepwise conformational changes in cores have also been detected by P-NMR measurements in the range of 3.5-5.0 M urea and a rapid increase in the thiol reactivity of H3 has been observed in urea above 5 M
. Using electron microscopy, Olins et_ al. and Woodcock and Prado have revealed that 3-6 M urea partly unravel the core particles into hollow rings and "comma"-like structures; 8-10 M urea ultimately unfolds cores into "rod"-like particles.
Employing gel electrophoresis in a gradient of urea concen-?7 tration , we have confirmed that abrupt conformational changes, apparently unraveling, occur in cores in the range of 4.0-5.0 M urea. These electrophoretic studies have been carried out under conditions similar to those used for histone-DNA crosslinking and this enabled us to directly assess the effect of unraveling on the primary organization of cores. This assessment indicates that 5 M and 6 M urea makes cores unfold but nevertheless has no essential effect on the linear order of histones along core DNA although some relaxation in the binding of histones to DNA takes place in this urea. These data support some earlier observations indicating that the pattern of his-1 Q tone-histone crosslinking and the ten-nucleotide periodicity produced with DNase I remain in chromatin in 6 M and 5 M urea, respectively. In 8 M urea, the rearrangement is increased significantly but this does not yet completely obliterate the native pattern of crosslinking in cores.
Electron micrographs of H1-depleted chromatin in low salt have shown completely unraveled filaments lacking any nucleosomes on them . Hydrodynamic , transient electric dichro- . On the contrary, the sequencing of histones along DNA indicates that the primary organization of cores is basically insensitive to the ionic strength of a solution in the range of 0.5-600 mM. The binding of histones to DNA is however weakened in 600 mM salt due to a probable increase in the oscillation of histones along DNA and across the DNA grooves. This weakening is consistent with the 19 results of NMR studies of cores by Garry e_t al. which have demonstrated an increase in the mobility of lysine and some, other residues in histones between 200 and 600 mM salt. The ensuing suggestion about the release of the N-terminal histone regions from the interaction with DNA however contradicts to our data. Indeed, we have not observed the dissappearence of histone spots in the two-dimensional gel of cores crosslinked in 600 mM salt which might indicate the release of histones or some their regions from DNA.
As soon as the primary organization of cores has been determined , the conformational transitions in the particles can be discussed in structural terms. Models for the sequential arrangement of histones on the linearized and folded core DNA are shown in Pigs 4 and 5A, respectively . In the models, histones H2B and H4 are attached to continuous DNA segments while each H2A and H3 molecule is bound to and bridges two distant DNA segments in the central and terminal its regions (Pig. 4) which are however brought close together in the folded cores (Pig. 5A). histones on DNA. This suggests that the histone-histone interactions could be conventionally divided into two groups. First, stronger one could maintain the primary organization of cores and may occur between the histone regions that are bound to or located near the same or adjacent segments of DNA. On the contrary, the second, weaker group of interactions could be broken upon the conformational transitions in cores; these interactions might be confined to internal area of the core disc and also occur between the histone regions that are attached to the adjacent turns of the DNA superhelix. It is therefore likely, that the histone octamer in the nucleosomal particle forms something like a helical "rim" bound along 1.75 turns of the DNA superhelix. A similar model has been suggested recently by Trifonov 2 8 .
Our current model of the core unfolding which is based on the histone-DNA crosslinking data is shown in Fig. 5 In these unfolded cores, the histone "rim" may relax, undergo some changes in its internal structure, but remain essentially unperturbed in the way of its ordered binding to DNA. The mechanism of the nucleosome unfolding without breaking the histone-DNA contact 29 v/as also considered by Weintraub et_ al^ . Because the identification of the IE A spots in some sequencing gels is rather vague, v/e exclude H2A from this discussion. Moreover, in contrast to cores, H2A was not found to be attached to the central DNA segment in H1-containing nucleosomes * suggesting the possibility of its easy rearrangement.
The ever increasing amount of evidence suggests that RNA polymerase might read through nucleosomes by probably opening their compact structure (for review see refs • ). It seems unlikely that the mechanisms of nucleosomal unfolding induced by urea or low salt and RNA polymerase are similar. The ordered binding of histones to DNA in unfolded nucleosomes might be a common phenomena nevertheless for all those processes which perhaps provide conditions for rapid restoration of the initial compact nucleosome structure when RNA polymerase passes through the transcribed region.
